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ABSTRACT: The anionic S-acetylimidazol-2-ylidene-4-olate
17, named as “IMes-acac”, is composed of fused diamino-
carbene and acetylacetonato units in the same IMes-based
imidazolyl ring. The bifunctional compound 17 is shown to
act as an effective, ditopic bridging ligand for transition metal
centers. Several new complexes supported by this ligand were
prepared, including the complex [RuCl(p-Cym)(x*0,0—1-
H)](BF,) (2), which can be regarded as a metallated
imidazolium salt, the homobimetallic complex [((COD)Rh)-
(RhCI(COD))(u-1x*0,0:2k'C—1)] (4), the heterobimetallic
complexes [((p-Cym)CIRu)(RhCI(COD))(u-1x*0,0:2«'C—
1] (3), [((p-Cym)CIRu)(RhCI(CO),) (s-1x*0,0:2¢'C-1)]
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(5), [((p-Cym)CIRu)(Cu(IPr))(u-1x*0,0:2'C—1)] (9), the anionic homoleptic Cu(I) complexes [Cu(x'C—1),]K ([10]K)
and [Cu(x'C—1),](NEt,) ([10](NEt,)), and the heterotrimetallic complex [((p-Cym)RuCl),(Cu)(u-1*0,0:3x'C—1)(u-
2k%0,0:3k'C—1)](PF,) (11). Preliminary studies on the possible preparation of supramolecular metallopolymers and
electrochemical studies on the series of complexes are also reported.

B INTRODUCTION

Being strong o-donor and relatively weak m-acceptor ligands,
N-heterocyclic carbenes (NHCs) have been shown to lead to
robust organometallic complexes with nearly all transition
metals."” First applications of metal-NHC complexes were
found in homogeneous catalysis with the generatlon of highly
efficient and now popular catalytic systems.” More recently,
NHC-complexes have been apphed with great success as hlghly
efficient metallopharmaceutlcals, luminescent materials,” and
other functional materials.” The superiority of NHC ligand
stems from the thermodynamically strong metal—carbene
bond and from the low-kinetic lability of the NHC ligand,
avoiding the use of an excess of ligand versus metal center
supplemented by the shielding control over the coordination
sphere exerted by the wingtip N-substituents.” Yet, the most
beneficial feature is likely the high modularity of the NHC
ligands, whose electronic and steric properties can be eas11y
and independently tuned to match a specific property.” The
synthetic accesses to the NHC precursors are indeed well
established using the countless possibilities of heterocyclic
chemistry.”

Over the last decade, poly-NHC ligands featuring structur-
ally designed-opposed carbene moieties have been the subject
of intense research efforts and have found numerous
applications as key-bridging ligands for the construction of
discrete polymetallic and metallosupramolecular assemblies,
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and main-chain organometallic polymers.'® Alternatively, the
design of hybrid and ambidentate NHC ligands, comprising a
carbenic moiety and a functional, coordinating group arranged
in an opposite fashion into the same scaffold, appeared as a
viable and powerful strategy to create new functional discrete
and/or polymeric architectures with original properties. Such a
bifunctional system would indeed combine the anchoring
ligation of the carbenic center with the specific properties
brought by the functionalized backbone and would open—
inter alia—the opportunity to an electronic communication
between both binding sites and even between the two metallic
centers. Figure 1 gives an overview of previously reported
heteropolymetallic transition-metal complexes supported by
hybrid and ambidentate NHC ligands, highlighting the
diversity of suitable coordinating backbones.

The association of NHC and phosphorous-based moieties in
the same ligand scaffold"’ led to the generation of several
heterobimetallic complexes of type A,'* B," C ' and even to
the three-dimensional trimetallic system D.'> Metallocene
units were also inserted as an integral part of the NHC-
skeleton, giving access to bimetallic systems E—H,'*™"” which
were shown to have a dramatic effect on the electronic

Received: September 4, 2018
Accepted: November 6, 2018
Published: November 15, 2018

DOI: 10.1021/acsomega.8b02268
ACS Omega 2018, 3, 15582—15591


http://pubs.acs.org/journal/acsodf
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.8b02268
http://dx.doi.org/10.1021/acsomega.8b02268
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega

(P,NHC) ambidentate ligands
i iCl

R
H ?2,R1 /[\lm]\ ,,O A (A R . |
v, R Ph,RC PPh,  Ph,P. PPh, SIONGIN \ P T
A T o A o
NN~ NN _NeN— NN
R R T T Mes” T/ “Mes
[M4] [M] [M] Ir]
A B c D
Bertrand Ruiz Gates, Streubel Gade, Wright
Gates, Streubel
[ Rulz ... 3

metallocene contalnlng NHC ligands

@ oI *@E >—[Hg] @—< %Au]
|
Ru

Ru \

%1 i o
Poyatos, Peris

E ...t Arduengo ..

Low BOAT (A (] [Mn]
: Siemeling “ N N “ J
Bielawski 1 [Au] il César, Lavigne  Valyaev, Lugan

Nefedov

(IPr)Cu >_)t

: i Mes—N<N-Mes Y
- &
IMes-acac 1P

Figure 1. Variety of reported transition metal polymetallic complexes
supported by ambidentate and hybrid NHC ligands and preliminary
results on the IMes- acetgrlacetonate (acac) ligand reported in our
previous communication.” IPr = 1,3-bis(2,6-diisopropylphenyl)-2H-
imidazole-2-ylidene.

properties of the NHC ligand, thus giving the opportunity to
generate redox-active ligand systems. In an analogous
approach, the metalation of a porphyrin-fused imidazol-2-
ylidene ligand in system I had a strong influence on the
electronic properties of the NHC.”® Eventually, our group
developed ambidentate and hybrid NHC ligands incorporating
an anionic imidato J or a carboxylato K ligand moiety as a
second coordinating unit.”"**

In 2015, we introduced the new anionic, hybrid $-
acetylimidazol-2-ylidene-4-olate 17, named as “IMes-acac”,
constituted of fused diaminocarbene and acetylacetonato units
in the same imidazolyl ring (Figure 1).>* At that time, we
reported the straightforward synthesis of its mesoionic
precursor 1-H, through acetylation of the corresponding 4-
hydroxyimidazolium chloride, its generation as a free, stable
NHC, and demonstrated its ambidentate character through
preliminary coordination studies using the [(IPr)Cu]* metallic
fragment, leading to complexes L, M, and N. We report herein
a complete, extended study on the coordination behavior of
ligand 1~ toward various metallic centers and coordination
geometries (Ru, Rh, Cu, and Au), and on the electronic
structure of the resulting complexes, with an emphasis on the
possible electronic interaction between both coordinating units
within the ligand framework.

B RESULTS AND DISCUSSION

Rh(l) and Ru(ll) Heterobimetallic Complexes of IMes-
acac 17. The [RuCl,(p-Cym)], and [RhCI(1,5-COD)],
dimeric precursors were chosen for coordination studies with
17 because of their ability to form stable complexes with
anionic bidentate LX-type and NHC ligands, respectively.”* In
a first approach, no reaction was detected when mesoionic 1-H
was mixed with 0.5 equivalent of [RuCl(p-Cym)],. This
behavior is similar to the one previously observed when
reacting 1-H with (IPr)CuCl and confirms the low
coordinating and chelating propensity of the acac moiety in
mesoionic 1-H, which is unable to displace a chlorido ligand
from the coordination sphere. Actually, subsequent addition of
a stoichiometric amount of silver tetrafluoroborate induced the
abstraction of one chlorido ligand from the Ru(Il) center,
allowing the formation of the cationic complex [RuCl(p-
Cym)(xK*0,0—1-H)](BF,) (2) in an excellent 97% isolated
yield (Scheme 1). Complex 2 was fully characterized by

Scheme 1. Synthesis of Rh(I) and Ru(II) Complexes 2—5
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spectroscopic and analytical techniques. Analogously to the
previously described complex [Cu(IPr)(x*0,0—1-H)](BF,),
the complexation of the acac moiety of 1-H in 2 was inferred
from the 'H NMR data, which reveal a downfield shift of the
imidazolium N,CH proton from 6 7.23 ppm in mesoionic 1-H
to 6 7.82 ppm in ionic 2, and an upfield shift of the acetyl
protons from 6 2.41 ppm in 1-H to 6 1.79 ppm in 2, arising
from the placement of the acac-methyl group in the anisotropic
cone of the adjacent mesityl substituent upon complexation.
The molecular structure of 2 was then conﬁrmed following a
single-crystal X-ray diffraction study (Figure 2).”* Complex 2
displays a distorted pseudo-octahedral geometry around the
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Figure 2. Molecular structure of complex 2 (ellipsoids drawn at 30%
probability level). The tetrafluoroborate anion, the cocrystallizing
solvent molecule, and hydrogen atoms except H1 were omitted for
clarity. Selected bond lengths (A) and angles (deg): Rul—O1
2.097(3); Rul—02 2.097(3); Rul—CI1 2.3881(12); C3—-02
1.253(5); C4—01 1.246(5); C2—C3 1.399(5); C2—C4 1.424(5);
C4—CS 1.497(5); O1—Rul—02 88.26(10).

Ru(II) center, in which the p-cymene ligand occupies three
adjacent coordination sites, and the acac backbone of 1~
coordinates the Ru(II) center in a chelating mode. Metrical
parameters around the Ru(II) center in 2 are quite analogous
to the standard [RuCl(acac)(p-Cym)],*° or to other relevant
[RuCl(acylpyrazolonato) (p-Cym)] complexes.”” Complex 2 is
chiral-at-metal and crystallizes as a racemate in the
centrosymmetric P2,/n space group.

Although deprotonation of 2 with potassium hexamethyldi-
silazide (KHMDS) at low temperature and warming up the
solution to room temperature led to an intractable mixture of
compounds, the direct trapping of the free NHC generated
from 2 at low temperature by half an equivalent of [RhCI(1,5-
COD)], dimer gave the stable heterobimetallic complex
[RuCl(p-Cym)][RhCI(COD)](u-1x*-0,0:2k'C—1) (3) in
60% yield after purification. On contrary to complex 2,
which has to be handled under strict inert conditions, complex
3 is an air- and water-stable compound and could be easily
isolated by column chromatography. Its formulation was
confirmed by 'H and “C NMR spectroscopy. The three
components of the complex, that is [RuCl(p-Cym)]*, ligand
17, and RhCI(COD), appear in the 'H NMR spectrum as
distinct sets of signals for each of them and the respective
integrations of the respective signals are 1/1/1. In addition, the
appearance in the >*C NMR spectrum of a doublet at 5 194.1
ppm (Jan_c = 52 Hz) is the signature of the formation of a
RhCI(NHC)(COD) complex.

At that point, we were wondering whether complex 3 could
be synthesized through the reverse sequence of complexation
that is first, complexation of the NHC part and then
complexation of the anionic acac “upper” part. Contrarily to
our previous observation with other anionic backbone-
functionalized NHCs,® the reaction between the generated
free NHC 1-K with 0.5 equivalent of [RhCI(1,5-COD)],
dimer did not lead to the expected anionic [RhCI(COD)-
(k'C—1)]~ complex, but to the hitherto uncommon bimetallic
complex [(COD)Rh][RhCI(COD)](u-1x0,0:2'C—1) (4),
in which 17 behaves as a bridging ambidentate ligand.
Complex 4 was subsequently obtained in 74% yield by altering
the stoichiometry of [RhCI(1,5-COD)], to one equivalent.

Complex 4 is an air- and water-stable compound and was
purified by column chromatography. The formation of the
Rh—Cyyc bond was evidenced by a doublet at 6 192.5 ppm
(Jrh—c = 52 Hz) appearing in the *C NMR spectrum of 4, and
the formation of the di-rhodium complex was assessed by the
observation of two different coordinated COD ligands in both
'H and "*C NMR spectra. This is the first time we observed
such a direct double complexation on 1~ from a single metallic
precursor. This reactivity pattern can be easily explained in
terms of the electronic nature of the metallic fragment
coordinated to the carbenic center. Indeed, we had previously
observed that 17 is able to displace the chlorido ligand in
(IPr)CuCl to generate the zwitterionic complex [Cu(k'C—
1)(IPr)] (L) (see Figure 1), in which the carbenic part is
coordinated to the cationic [Cu(IPr)]* fragment. Here, ligand
17 is thought to break the [RhCI(COD)], dimer to generate
the anionic complex [RhCI(x'C—1)(COD)]", in which the
carbenic part is coordinated to the neutral [RhCI(COD)]
fragment. Because of this overall charge difference, the pending
acac moiety in [RhCl(k'C—1)(COD)]~ has now a restored
nucleophilicity and can displace the chlorido ligand from the
second [RhCI(COD)] fragment released during the dimer-
breaking process. Attempts to efficiently demetalate the acac
moiety in 4 were unsuccessful. Indeed, although, according to
'H NMR of the crude mixture, treatment of 4 with an excess of
HCl led to the complete formation of [RhCI(COD)], and the
protonated complex [RhCl(x'C—1°")(COD)], we were
unable to isolate the latter complex neither by column
chromatography (complex 4 was reformed under these
conditions) nor by selective precipitation of [RhCI(COD)],
by carrying out the reaction in methanol (see the Supporting
Information for details). Yet, to our delight, the [Rh(COD)]*
fragment could be cleanly exchanged for the [RuCl(p-Cym)]*
fragment by mixing complex 4 with 0.5 equivalent of
[RuCl,(p-Cym)], to afford heterobimetallic complex 3 in
92% yield, along with the [RhCI(COD)], dimer as the
byproduct isolated in 95% yield. The latter reactivity is the
testimony of the lability of the acac moiety versus the carbenic
part in ligand 1.

Complex 3 was converted into its dicarbonyl derivative [(p-
Cym)CIRu][RhCI(CO),](4-1¥*0,0:2k'C—1) (5) by bub-
bling CO gas into a solution of the complex in CH,CI, at
room temperature. The carbonylation reaction is selective of
the rhodium part, leaving the ruthenium fragment unaffected.
Measuring the average IR-stretching frequency of the carbonyl
ligands in 5 allowed assessing of the electron-donor ability of
the metallated NHC ligand “1R*C{P-Om)”  The average
frequency value 15° = 2039 cm™! gives, after linear regression,
a Tolman electronic parameter (TEP) of 2051.5 cm™, which
corresponds to an electronic donation for 1RCE-C™ gyite
similar;}o the one of the standard IMes ligand (TEP = 2050.8
cm™).

Group 11 and Ru(ll) Heterometallic Complexes of
IMes-acac 17. Previously, we reported that the anionic
carbene 1-K easily displaces the chlorido ligand from
(IPr)CuCl to afford the zwitterionic, heteroleptic complex
[Cu(x'C—1)(IPr)] (6 or L) in 92% yield (Scheme 2).** The
same reactivity pattern was observed against (IPr)AuCl leading
to complex [Au(k'C—1)(IPr)] (7) isolated in 72% yield.
Complex 7 was fully characterized by spectroscopic and
analytical means. In the *C NMR spectrum, the chemical
shifts of the carbenic centers of IPr and 17 ligands at 6 = 182.5
and 176.9 ppm, respectively, are similar to the ones previously
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Scheme 2. Synthesis of Zwitterionic Complexes 6—7 and of
Heterobimetallic Complex 9
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reported for related, cationic gold—bis(NHC) complexes.””
The cationic, heterodinuclear complex {[(p-Cym)RuCl][Cu-
(1Pr)]](u-1620,0:2k' C—1) }(PF4) (9) was obtained in 63%
yield by treating the zwitterionic complex 6 with the cationic
Ru(Il) precursor [RuCl(CH;CN),(p-Cym)](PF¢) (8). The
carbenic carbon atoms of the IPr and 1~ NHC ligands in 8 are
now observed at 6 179.0 ppm and & 177.3 ppm, respectively.
Again, the complexation of the ruthenium fragment onto the
acac backbone was accompanied by the shielding of the acetyl
protons from 6 = 2.22 ppm in 6 to 6 = 1.29 ppm in 9, and the
loss of symmetry from C, in 6 (one mirror plane) to C; in 9
because of the presence of the chiral ruthenium center.
Consequences in the NMR spectra are mainly concentrated on
the signals of the mesityl groups, which are all split.

Altering the reaction stoichiometry between 1-K and CuCl
to a 2:1 ratio led to the novel, anionic, and homoleptic
complex [Cu(k'C—1),]K ([10]-K) (Scheme 3). The reaction
appeared to be complete in 2 h at 40 °C as judged by NMR of
the crude product. The desired complex was isolated in 67%
yield as a beige powder after evaporation of all volatiles and
simple washings with Et,O and water to remove organic and
KCI byproducts, respectively. Because of the insolubility of
[10]JK in common organic solvents, a salt metathesis was
carried out by adding an excess of NEt,ClxH,O in the
biphasic mixture CH,Cl,/H,0 to afford the complex [10]-
(NEt,), isolated in 68% yield. [10](NEt,) was found readily
soluble in CH,Cl,, CHCIl;, acetone, and tetrahydrofuran
(THF) but insoluble in Et,0 and hydrocarbons. The
formulation of 10~ as the bis-NHC copper(I) complex
[Cu(x'C—1),]” was inferred from the *C NMR spectrum,
the resonance of the two carbene carbon nuclei being observed
at § = 174.0 ppm, a value comparable to the '*C carbenic
resonance at § = 178.8 ppm in [Cu(IMes),]",*" and by mass
spectrometry in the negative electrospray ionization mode,
exhibiting a single peak at m/z = 785 a.u. corresponding to the
anion [Cu(x'C—1),]". Eventually, because of the symmetry of

Scheme 3. Synthesis of Anionic, Heteroleptic Complexes
[10]~ and of the Heterotrimetallic Complex 11
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the molecule, only one set of signals was observed in the NMR
profiles for the two ligands 17. Addition of two equivalents of
complex [RuCI(CH;CN),(p-Cym)](PF,) (8) allowed for the
capping of the complex 10~ by coordination of the acac
moieties to two ruthenium centers. The resulting hetero-
trimetallic complex {[RuCl(p-Cym)],[Cu](u-1*0,0:3x'C—
1)(u-2*0,0:3c'C—1) }(PF¢) (11) was isolated in 58% yield
as an air-and moisture-stable red powder. In the 'H and "*C
NMR spectra of complex 11, all but a few resonances are split
into two signals of equal intensity evidencing the presence of
two diastereoisomers for complex 11, namely the racemic
mixture (Spy,Spe)-11/(RpwRya)-11, and the meso compound
(SpwRru)-11, in a 1/1 ratio.

Because 10™ has shown its ability to act as a ditopic ligand
with ruthenium to generate heterotrimetallic complex 11, we
next investigated the potential of 107 to generate supra-
molecular metallopolymers by simply mixing the ligand with a
suitable metal ion in solution. Such self-assembly processes
may be easily monitored by UV—vis titration. However,
employing Ni(BF,), or Cu(BF,), as metal sources, titration
experiments led to the in situ formation of discrete trimetallic
species {[M],[Cu](u-1¥*0,0:3k'C—1)(u-2*0,0:3x'C—1)}
(M = Cu or Ni fragments) instead of metallopolymeric
entities (see Figures S13 and S14)." These data also
confirmed the low ability of the acac moiety in 10~ to
generate homoleptic species, probably due to electrostatic
repulsion.

Electrochemical Studies. The correlation between the
substitution pattern of ligand 1~ and the redox properties of
the different redox-active parts of its complexes 2—7 and 9—11
was evaluated by cyclic voltammetry (CV) and square-wave
voltammetry (SQW). The CV analysis of precursor 1-H in
CH,Cl, shows an irreversible oxidation wave at E,, = + 1.39 V
versus saturated calomel electrode (SCE) (Figure 3) that could
be assigned to the one-electron oxidation of the anionic acac
moiety to generate the radical cation [1-H]**, which
decomposed rapidly.”> No other redox process could be
detected within the full potential range (Figure S2 in the
Supporting Information). Interestingly, the oxidation process
became reversible at high scan rates, typically above 50 V 57!
(Figure S3). The uncoordinated acac backbone is also present
in the zwitterionic complexes 6 and 7 and in complex
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i Table 1. Cyclic Voltammetric Data for Complexes 2, 3, 4, S,
. M‘AM 9, and 11 in the Anodic Range”

7 E [V vs SCE] E [V vs SCE] E [V vs SCE]
— MOJ(NEt4) complex [Rh'/Rh"] unattributed [Ru"/Ru™]
1.60 (rev.)”

3 0.86 (rev.) 1.49 (ir.)

4 0.87 (ir.) 1.14 (ir.), 1.34 (rev.)

5 1.32 (ir.) 1.51 (ir.)

9 141 (ir.)

11 1.44 (ir.)

E (V) vs SCE

Figure 3. CV plots and relevant SQW sections (inset) of 1-H (in
blue) and complexes 6 (in green), 7 (in orange), and [10](NEt,) (in
red) (1 mM in CH,Cl, with 0.1 M Bu,NPF4 as the supporting
electrolyte, 200 mV s~ scan rate, spectra calibrated against Fc/Fc*
using as the internal standard with E,,, = 0.46 V vs. SCE).

[10](NEt,). Similarly to precursor 1-H, we observed only one
irreversible oxidation wave at E,, = 0.82 V versus SCE in the
cyclic voltammogram of complex 6, which was assigned to one-
electron oxidation of the acac backbone. However, the
significantly lower oxidation potential, from E,, = 1.39 V in
1-H to E,, = 0.82 V versus SCE in 6, indicated a strong
influence of the substitution of the N,C carbon atom on the
electronic density within the structure of ligand 17. This was
further confirmed by the CV data of the isostructural, gold(I)
complex 7 because the same irreversible oxidation process
occurred at E,, = 0.86 V versus SCE. Although the close values
of the oxidation potentials for 6 and 7 spoke for oxidation
localized on the same part of the complexes, namely the acac
ligand, the difference of 40 mV between them confirmed the
electronic connection of the carbene and acac parts within the
ligand heterocycle. Eventually, two irreversible oxidation waves
at E,,; = 0.70 V versus SCE and E;,, = 0.87 V versus SCE
were clearly identified in the CV of the homoleptic anionic
complex [10]7, and could be reasonably assigned to the
successive oxidation of the two distal, acac backbones of
ligands 17 in [10]". In particular, the lower oxidation potential
of the first wave at E,,; = 0.70 V versus SCE compared to the
one of 6 (EP,a = 0.82 V vs. SCE) indicates that the acac moiety
and thus the Cu(I) center were more electron-rich in [10]~
than in 7. This constituted an indirect proof that ligand 1~ is
more electron-donating than the standard IPr. As the redox
processes were irreversible, no other conclusion could be
drawn concerning the second oxidation wave at E, , = 0.87 V
versus SCE.

The cyclic voltammogram of complex 2 shows a reversible
le™ oxidation wave at E,;;, = 1.60 V versus SCE that can be
assigned to the redox couple Ru"/Ru™ (Table 1). Three
oxidation processes were detected for bis-rhodium complex 4.
The first irreversible oxidation wave at E,, = 0.87 V versus
SCE corresponds to the couple Rh'/Rh" where the rhodium
center is coordinated to the carbene center of 17 as its
potential compares well with the redox potential of metal-
centered oxidation of analogous monometallic RhCI(NHC)-
(COD) complexes.*® This process became reversible when the
CV measurements were stopped at 1 V versus SCE as the
upper limit and with a sweep rate higher than 10 V s
Interestingly, the redox process Rh'/Rh" was found to be fully

“CV recorded in CH,Cl, (107> M) with 0.1 M [nBu,N][PF] at a Pt
microdisk working electrode. Sweep rate: 200 mV s™'. Potentials are
given relative to SCE. Anodic peak potential E,, is quoted for
irreversible (ir.) processes. The potentials for the reversible (rev.)
couples are defined as the mean of the anodic and cathodic peak
potentials E,,, = (Epya + Epyc)/z. Spectra were calibrated by adding
ferrocene at the end of the experiments (Fc/Fc*: 0.46 V vs SCE in
CH,Cl,).** Assignments of the oxidation wave given when possible.
YA small irreversible oxidation wave was also observed at E,,=139V
due to free 1-H.

reversible in the hetero bimetallic complex 3, (E,/, = 0.86 V vs
SCE), which is very close to the one previously reported for
complex RhCI(IMes)(COD) at E, , = 0.83 V under the same
conditions.”” This definitely confirms that the metallo-NHC
ligand 1RuCUP-Cm) exerts a similar overall electronic donation
to the metal as IMes. The second irreversible wave at E,, =
1.49 V versus SCE in the CV of 3 most probably corresponds
to the Ru'l/Ru' redox couple, and the shift of the potential to
lower values compared to 2, from 1.60 V in 2 to 1.49 V in 3,
indicates here again that the nature of the group on the N,C
carbon atom has an impact on the redox properties of the acac
part. The same trend was observed in the cyclic voltammo-
grams of Cu/Ru bimetallic complex 9 and Ru/Cu/Ru
trimetallic complex 11, in which the Ru" oxidation processes
were found irreversible at E,, = 1.41 and 1.44 V versus SCE,
respectively. Moreover, the absence of splitting and of
broadening of the oxidation band for 11 ruled out any
possible electronic communication between the two Ru centers
in 11. This result was quite expected taking into account the
long distance between the two distal ruthenium centers.
Summary. We have conducted a complete exploration of
the coordination chemistry of the hybrid ambidentate IMes-
acac ligand 17, obtained by fusing a diaminocarbene and an
acac unit into the same carbenic heterocycle. The ability of
ligand 17 to act as an effective ditopic bridging ligand for
transition metal centers has been shown with the synthesis and
the full characterization of a series of homo- and hetero-
polymetallic complexes incorporating Ru(II), Rh(I), Cu(I),
and Au(I) centers. Noteworthy, while the carbene center
strongly binds the metal ions in all cases, the coordinating
strength of the pending acac moiety depends on the nature and
the charge of the group ligated onto the carbenic part, and
ranges from quite low in the mesoionic precursor 1-H to
strong when the carbene center coordinates a neutral Rh(I)
fragment. In the preliminary studies aiming at the formation of
supramolecular metallopolymers, discrete trimetallic complexes
were formed instead, reflecting the poor tendency of two
ligands 17 to coordinate the same metal center in a homoleptic
mode through their respective acac functionality. The electro-
chemical measurements on the complexes indicate an
electronic interaction between the two parts of IMes-acac,
but the extent of the electronic communication between the
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two distal metallic centers through ligand 17 remains quite low.
We are therefore considering further developments aiming at
improving both the coordinating strength of the functional
backbone and the electronic communication within the
carbenic scaffold by increasing the denticity of the ligand
unit on the backbone, by changing the nature of the
coordinating atoms, or by modifying the size and structure
of the carbenic heterocycle.

B EXPERIMENTAL SECTION

Materials and Methods. All manipulations were per-
formed under an inert atmosphere of dry nitrogen by using
standard vacuum line and Schlenk tube techniques. The
glassware was dried at 120 °C in an oven for at least 3 h.
Toluene, CH,Cl,, pentane, Et,O, and THF were dried using
an SPS system from Innovative Technology and water content
was quantified by Karl Fischer titration. Dimethylformamide
was deoxygenated by bubbling N, for 15 min and was stored
over activated 4A molecular sieves.

NMR spectra were recorded on Bruker AV300 or AV400
spectrometers. Chemical shifts are reported in ppm (§)
compared to tetramethylsilane ("H and ">C) using the residual
peak of deuterated solvent as the internal standard.” Infrared
spectra were obtained on a PerkinElmer Spectrum 100 FT-IR
spectrometer. Microanalyses were performed by the Micro
Analytical Services of the LCC and MS spectra by the mass
spectrometry service of the “Institut de Chimie de Toulouse”.

1,3-dimesityl-5-acetylimidazolium-4-olate 1-H,”* [RhCI-
(COD)1,,* [RuCly(p-cymene)],,*” [RuCI(CH;CN),(p-
Cym)](PFy) (8),>® (IPr)CuCl,>” and (IPr)AuCl*® were
synthesized according to literature procedures. All other
reagents were commercially available and used as received.

Complex [RuCl(p-Cym)(x?0,0—1-H)I(BF,) (2). To a
solution of [RuClL(p-Cym)], (99 mg 0.162 mmol, 0.5
equiv) in CH;CN (S mL), AgBF, (63 mg, 0.323 mmol, 1.0
equiv) was added at room temperature. After S min, 1-H (117
mg, 0.323 mmol) was added as a solid and the reaction mixture
was stirred for additional 40 min. The mixture was
concentrated under vacuum and the residue was taken up in
CH,CL, (S mL) and filtered using a filtering cannula and the
solvent was evaporated under vacuum. The residue was washed
twice with Et,0 (2 X S mL) and dried under vacuum to afford
an orange powder (226 mg, 97%). '"H NMR (400 MHz,
CDCly): 6 7.82 (s, 1H, N,CH), 7.08 (s, 1H, CHyy,,), 7.06 (s,
1H, CH,.), 6.97 (s, 2H, CHy..), 5.67-5.65 (m, 1H,
CH,.cym), 5:62—5.61 (m, 1H, CH, cyp), 5:49—5.47 (m, 2H,
CH,.cym), 2.79—-2.72 (m, 1H, CHy,), 2.36 (s, 3H, CH3), 2.35
(s, 3H, CH,), 2.34 (s, 3H, CH,), 2.28 (s, 3H, CH,), 2.13 (s,
3H, CH;,), 2.06 (s, 3H, CH;), 1.99 (s, 3H, CH;), 1.79 (s, 3H,
CH;CO), 1.22 (pseudo t, J = 7.1 Hz, 6H, CHyy,); “C{'H}
NMR (100.5 MHz, CDCL,): § 187.0 (C=0), 158.3 (C;,,-O7),
142.1, 141.0, 135.8, 135.6, 134.9 (Cy..), 133.8 (N,CH), 130.5,
130.0, 129.7, 129.5 (CHy,), 112.8 (Ciyp5), 99.5 (Cpcym), 96.9
(Cpcym)r 828 (CH,cym), 817 (CH,cym), 80.0 (CH, cym),
79.8 (CH,.c,), 31.0 (CHp,), 25.6 (CH;CO), 222 (CHap,),
219 (CHyp,), 214, 184, 17.9, 17.7, 17.5, 17.2 (CHapee +
CHs,,.cym); IR (ATR) D: 3604, 2966, 2923, 1638, 1560, 1473,
1226, 1032, 854, 819, 737 cm™"; MS (ESI) m/z (%): 633 (11)
[M — BE,]", 363 (100) [M — BE, — (RuCl(p-Cym)) + H];
elemental Anal. Caled (%) for C;,H,,BCIF,N,0,Ru (MW =
720.02): C, 55.05; H, 5.60; N, 3.89. Found: C, 55.29; H, 5.42;
N, 3.70.

Complex [((p-Cym)CIRu)(RhCI(COD))(u-1x20,0:2x'C—
1)1 (3). Starting from Complex 4. Complex 4 (72.2 mg, 88.1
pumol) and [RuCl,(p-cymene)], (29.7 mg, 48.5 umol, 0.55
equiv) were dissolved in CH,Cl, (4 mL) and the solution was
stirred 2 h at 40 °C. The mixture was loaded directly onto a
silica gel column. The first bright yellow fraction eluting with
pure CH,Cl, obtained after evaporation and drying [RhCl-
(COD),], (20.0 mg, 95%), and the second orange fraction was
then eluted using CH,Cl,/MeOH: 95/5 as the solvent
mixture, which is obtained after evaporation and drying the
title product as an orange powder (71.5 mg, 92%).

Starting from Complex 2. A solution of KHMDS (0.5 M in
toluene, 380 yL, 0.189 mmol, 1.0S equiv) was added dropwise
to a solution of complex 2 (130 mg, 0.180 mmol, 1.0 equiv) in
THF (10 mL) at —80 °C, resulting in slight darkening of the
orange solution. After 20 min, [RhCI(COD)], (44.5 mg, 0.09
mmol, 0.50 equiv) was added as a solid to the reaction mixture
and the solution was stirred in the cooling bath for 6 h. After
removing the latter, all volatiles were removed in vacuo and the
dark red residue was purified by flash chromatography (SiO,,
CH,Cl,/MeOH: 99/1) to give an orange powder (95 mg,
60%).

'H NMR (400 MHz, CDCL): § 7.05 (s, 1H, CHy.), 7.03
(S) lH) CHMes)) 696 (S) lH) CHMes)) 6.87 (S) lH; CHMes);
5.40-5.29 (m, 2H, CHe,,), 517 (d, ] = 5.5 Hz, 1H, CHgy,),
5.13 (d, ] = 5.6 Hz, 1H, CHc,,,), 449 (br, 2H, CHcop), 3.36
(br, 1H, CHgop), 3.09 (br, 1H, CHeop), 2.68 (sept, J = 6.9
Hz, 1H, CHy,), 2.57 (s, 3H, CH,), 2.4 (s, 3H, CH,), 2.38 (s,
3H, CH3), 2.35 (s, 3H, CH,), 2.16 (s, 3H, CH,), 2.11 (s, 3H,
CH,), 1.87 (s, 3H, CH,), 1.78—1.61 (m, 4H, CH,cop), 1.57
(s, 3H, CH;CO), 1.54—1.44 (m, 4H, CH,cop), 1.16 (pseudo t,
J = 6.1 Hz, 6H, CH,;p,); *C{'H} NMR (100.5 MHz, CDCl,):
8 194.1 (d, Janc = 52.3 Hz, N,C), 178.1 (C=0), 161.7
(Cina—0), 139.0, 138.4, 138.0, 137.8, 1362, 135.9, 132.6
(Caes)y 129.9, 129.1, 128.6, 128.2 (CHyy,,), 116.0 (Cyyps), 99.6
(Ceym)s 976 (d, Jrn—c = 7.1 Hz, CHcop), 971 (d, Jru—c = 7.1
Hz, CHcop), 964 (Ceym), 82.3, 82,0, 79.3, 79.1(CHe, ), 68.3
(d Jrnoc = 144 Hz, CHcop), 67.5 (d, Janc = 144 Hz,
CHeop), 33.0, 323 (CHycop), 310 (CHp,), 285, 28.0
(CH,cop), 243 (CHLCO), 222, 22.0 (CHyp,), 21.3, 212,
205, 20.3 (CHyopre), 194 (CHyeym), 184, 17.8 (CHypare)s
MS (ESI) m/z (%): 843 (S) [M — CIJ*, 573 (100) [H(acac-
IMes)Rh(COD)]*, 565 (17) [Ru,Cly(p-Cym), — Me]%;
elemental Anal. Calcd (%) for C,Hs,CLN,O,RhRu (MW =
878.75): C, 56.04; H, 5.85; N, 3.19. Found: C, 55.72; H, 5.50;
N, 3.00.

Complex [((COD)Rh)(RhCI(COD))(u-1x%0,0:2x'C—1)]
(4). A solution of KHMDS (0.5 M in toluene, 0.75 mlL,
0.375 mmol, 1.1 equiv) was added dropwise to a solution of 1-
H (124 mg, 0.341 mmol) in THF (10 mL) at room
temperature. After 15 min, [RhCI(COD)], (168 mg, 0.341
mmol, 1.0 equiv) was added as a solid to the solution which
became immediately dark red. After 3 h, all volatiles were
removed under vacuum and the crude residue was purified by
flash chromatography (SiO,, CH,Cl,/MeOH: 95/5) to yield a
yellow powder (206 mg, 74%). '"H NMR (400 MHz, CDCl,):
§ 7.03 (s, 1H, CHy.), 699 (s, 1H, CHy.), 6.96 (s, 1H,
CHy.), 6.92 (s, 1H, CHyy,), 446 (brs, 2 H, CHeop), 4.02—
3.98 (m, 2H, CHcqp), 3.92 (brs, 2H, CHcop), 3.30 (brs, 1H,
CHcop), 324 (br s, 1H, CHeop), 247-2.32 (m, 6H,
CH,cop), 240 (s, 3H, CHy), 234 (s, 3H, CHagpo), 2.34
(Sl 3Hl CHSortho)) 231 (S! 3H) CHSortho)J 2.06 (S; 3H; CHSpara))
2.01 (s, 3H, CHypy,), 1.77-1.62 (m, 8H, CHycop), 1.52 (s,
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3H, CH,CO), 1.50—1.47 (m, 2H, CH,cop); “C{'H} NMR
(100.5 MHz, CDCL): & 192.5 (d, Jayc = 524 Hz, N,C),
178.4 (C=0), 161.8 (Cy,,,—07), 139.2, 138.8, 138.4, 138.3,
135.9, 135.6, 135.2, 132.5 (Cy), 130.1, 129.6, 1282, 127.8
(CHppe), 1154 (Cinos), 97.5 (d, Jrnc = 7.2 Hz, CH¢op), 773
(d, Jrn—c = 14.3 Hz, CHcop), 77.0 (d, Jruec = 14.2 Hz,
CHcop), 76.0 (d, Jru—c = 14.5 Hz, CHeop), 754 (d, Jrn—c =
14.5 Hz, CHeop), 68.0 (d, Jan_c = 14.5 Hz, CHeop), 67.7 (d,
Janc = 143 Hz, CHeop), 327, 30.3, 302, 30.0, 28.3, 28.2
(CH,cop), 244 (CH,CO), 21.3, 21.2, 202, 20.1 (CH,y0),
18.8, 18.5 (CHyy); IR (ATR): v = 2995, 2915, 2873, 2826,
1611, 1606, 1479, 1442, 1401, 1380, 1309, 1287, 1209, 1131,
965, 831, 756 cm™'; MS (ESI) m/z (%): 783 (3) [M — Cl]*,
573 (100) [H(acac-IMes)Rh(COD)]*, 363 (S) [(acac-IMes)-
H]*; elemental Anal. Caled (%) for C3,H,,CIN,O,Rh, (MW =
819.09): C, 57.19; H, 6.03; N, 3.42. Found: C, 56.75; H, 5.67;
N, 3.15.

Complex [((p-Cym)CIRu)(RhCI(CO),)(u-1x%0,0:2x'C—
1)] (5). At room temperature, CO gas was bubbled into a
solution of complex 3 (101 mg, 0.115 mmol) in CH,Cl, (6
mL) for 10 min during which the orange color slightly faded.
After 40 min, all volatiles were removed under vacuum and the
residue was washed with pentane (3 X 3 mL) to yield after
drying an orange powder (83 mg, 87%). '"H NMR (400 MHz,
CDCL): 6 6.96 (s, 2H, CHyy,), 6.95 (s, 1H, CHyo), 6.92 (s,
1H, CHy,), 5:45—5.42 (m, 2H, CHc,,,), 5.22 (d, ] = 5.7 Hg,
1H, CHy,,,), 5.18 (d, ] = 5.7 Hz, 1H, CHg,,), 2.70 (sept, ] =
6.9 Hz, 1H, CHp,), 2.35 (s, 3H, CH,), 2.34 (s, 6H, CH;), 2.30
(s, 3H, CHS), 2.14 (s, 3H, CH,), 2.13 (s, 3H, CHj), 2.03 (s,
3H, CH,), 1.59 (s, 3H, CH,CO), 1.18 (pseudo-t, ] = 6.7 Hz,
6H, CH,pp,); *C{'H} NMR (100.5 MHz, CDCl,): 6 185.0 (d,
Jan_c = 53.9 Hz, Rh—CO), 183.6 (d, Jy_c = 45.0 Hz, N,C..),
182.6 (d, Jay_c = 74.7 Hz, Rh—CO), 180.9 (C=0), 161.7
(Cina—0), 139.8, 139.0, 136.5, 1364, 1362, 135.1131.4
(Caee), 129.6, 129.6, 129.2, 128.8 (CHyeo), 1152 (Cpayis), 99.6
(Ceym)y 96.6 (Ceym), 82.5, 819, 79.3, 79.0 (CHcyp), 31.1
(CHp,), 24.5 (CH,CO), 22.2, 22.0 (CHap,), 214, 19.3, 19.2,
19.1, 182, 17.9 (CHipe + CHioypm); IR (CH,CL) v: 2080,
1998 cm™%; IR (ATR) v: 2960 (w), 2922 (w), 2869 (w), 2069
(vs, C=0), 1986 (vs, C=0), 1621 (vs, C=0), 1485 (s),
1460 (m), 1409 (m), 1379 (m) 1318 (m), 1294 (m), 1217
(m), 1135 (m), 1033 (w), 971 (m), 837 (m) cm™'; MS (ESI)
m/z (%): 793 (19) [M — Cl]*, 763 (12) [M — CI-CO]*, 565
(100) [Ru,Cly(p-Cym), — Me]*; elemental Anal. Calcd (%)
for C4sH3CLN,O,RhRu (MW = 826.58): C, 50.86; H, 4.76;
N, 3.39. Found: C, 50.46; H, 4.36; N, 3.18.

Complex [Au(IPr)(x'C—1)] (7). A solution of KHMDS
(0.5 M in toluene, 0.93 mL, 0.465 mmol, 1.15 equiv) was
added dropwise to a solution of 1-H (160 mg, 0.403 mmol, 1.0
equiv) in THF (20 mL) at room temperature. After 15 min,
AuCI(IPr) (250 mg, 0.403 mmol, 1.0 equiv) was added and
the mixture was stirred for 3 h. After evaporation of volatiles,
the crude product was purified by flash chromatography (SiO,,
pure CH,Cl, then CH,Cl,/MeOH: 95/5) to yield a beige
powder. Further crystallization in CH,Cl,/Et,O furnished the
pure product as an off-white powder (275 mg, 72%). '"H NMR
(300 MHz, CDCL,): 8 7.53 (t, ] = 7.8 Hz, 2H, CHp, ), 7.16
(d, ] = 7.8 Hz, 4H, CHpyy,.n), 7.04 (s, 2H, CHy,,), 6.67 (s, 2H,
CHy,), 6.57 (s, 2H, CHy,), 2.33—2.24 (m, 14H, CHayy, +
CHiPr)! 1.77 (S) 6H) CHSortho)) 1.70 (SJ 6H) CH3ortho)) 1.64 (S,
3H, CH,CO), 1.08 (d, ] = 6.8 Hz, 12H, CH,p,), 0.91 (d, J =
6.9 Hz, 12H, CH,,); *C{*H} NMR (75.5 MHz, CDCL,): §
189.4 (C=0), 182.5 (N,Cpy), 1769 (N,Ciresacac), 161.0

(Cru—07), 145.1, 137.6, 1369, 136.1, 135.8, 134.5, 133.8,
1327 (Ca,), 130.6 (CHpy,.p), 1292 (CHy,), 128.7 (CHy,,),
124.1 (CHpyp.), 1234 (CHy,), 108.9 (Cps), 287 (CHpy),
264 (CH;—C=0), 23.95 (CH;p,), 23.9 (CHsp,), 21.5
(CH3para)! 214 (CHSPara)) 18.0 (CHSOrtho)) 17.5 (CHSOrtho)}
MS (ESI) m/z (%): 969 (17) [M + Na]*, 947 (100) [M +
H]*; elemental Anal. Calcd (%) for CyoHgAuN,O, (MW =
947.03): C, 63.41; H, 6.49; N, 5.92. Found: C, 63.12; H, 6.33;
N, 5.85.

Complex [((p-Cym)CIRu)(Cu(IPr))(u-1x20,0:2k'C—1)]
(9). A solution of [RuCl(p-Cym) (CH;CN),](PF¢) (114
mg, 0.228 mmo), 1.1 equiv) in CH,Cl, (5 mL) was added to
solid 6 (169 mg, 0.208 mmol, 1.0 equiv) at room temperature.
The TLC controller indicated that the reaction was finished
after 15 min. The solution was then evaporated and the crude
product was purified by flash chromatography (SiO,, CH,Cl,/
MeOH: 100/0 to 95/5) to yield the pure product as an orange
powder (161 mg, 63%). '"H NMR (400 MHz, CDCLy): § 7.53
(t, J = 7.8 Hz, 2H, CHpy,.,), 7.19=7.13 (m, 4H, CHpypon),
7.07 (s, 2H, CHy,,), 6.77 (s, IH, CHy), 6.70 (s, 1H, CHypo),
6.67 (s, 2H, CHyy,,), 5.39—5.36 (m, 2H, CHg,y,), 521 (d, ] =
6.1 Hz, 2H, CH,,,), 2.59—2.46 (m, 1H, CHp,), 2.37 (s, 3H,
CHjppes)s 233 (s, 3H, CHyypes), 2.31-223 (m, 4H, CHpp,),
2.00 (s, 3H, CHscyy), 1.76 (s, 3H, CH;, ), 1.71 (s, 3H,
CHSo-Mes)) 1.60 (S, 3H} CH}D»Mes)I 1.57 (S; 3H) CH30-Mes)) 1.29
(s, 3H, CH,CO), 1.08—1.03 (m, 18H, CH,p,), 0.88 (d, ] = 6.9
Hz, 6H, CH,p,), 0.70 (d, ] = 6.9 Hz, 6H, CH,p,); “C{'H}
NMR (100.5 MHz, CDCL,): & 182.7 (C=0), 179.0 (N,Cyp,),
177.3 (N,Ciytes-acac)s 160.8 (Cry=07), 145.0 (Cpyy), 139.5,
138.5, 136.0, 135.7, 135.5, 1354 (Cyrer), 134:2 (Cpyyp), 130.7
(CHpyp), 130.1, 1297, 129.6, 1293 (CHyy,,), 1243, 124.2
(CHpyp), 124.0(CHyy,), 113.4 (Cyyos), 99.3, 96.2 (Ceyry), 82.4,
81.5, 79.7, 79.6 (CHey), 309 (CHy,), 28.7, 28.6 (CHy,),
24.6 (CH,CO), 24.6, 24.2, 23.7, 23.5 (CHyp,), 22.0, 21.7
(CHsp,), 214, 213 (CHsypg), 184, 17.7, 17.5, 17.4
(CHjppes), 172 (CHsgyy); MS (ESI): m/z (%): 1085 (39)
[M — PF¢]", 813 (11) [M — PFs — RuCl(p-Cym) + HJ", 524
(100) [M — PF4—Cl]**; HRMS (ESI) m/z: caled for
C¢H,sCICuN,O,Ru, 1083.3929; found, 1083.3953, ¢, = 2.2

pm.
Complex [Cu(K'C—1)2]K [10]K. A solution of KHMDS
(0.5 M in toluene, 2.2 mL, 1.1 mmol, 1.1 equiv) was added
dropwise to a solution of 1-H (362.5 mg, 1.0 mmol) in THF
(1S mL) at room temperature. After 15 min, CuCl (49.5 mg,
0.5 mmol, 0.5 equiv) was added and the mixture was stirred at
40 °C for 2 h. After evaporation of volatiles, the work-up was
carried out in air. Et,0 (15 mL) was added and the mixture
was filtered through a fritted funnel. The crude residue was
washed with additional Et,0 (2 X 10 mL) and water (3 X §
mL). The solid was then dissolved in acetone and dried over
Na,SO,. Filtration and evaporation led to a beige powder (279
mg, 67%). '"H NMR (400 MHz, DMSO-dy): 6 6.87 (s, 4H,
CHy,), 6.72 (s, 4H, CHy,), 2.32 (s, 6H, CHj,,,,), 2.30 (s,
6H, CHyy,,), 2.01 (s, 6H, CH;CO), 1.61 (s, 12H, CH),
1.54 (s, 12H, CH;,.4,); *C{'"H} NMR (100.5 MHz, DMSO-
dg): 61784 (C=0), 174.0 (N,C..5), 160.0 (Cpy 4—0), 139.0,
136.6, 1354, 135.3, 134.0, 133.8 (Cye.), 128.0, 127.5 (CHy,.,),
1074 (Cys), 254 (CH,CO), 207 (CHs,,.), 173, 16.8
(CHjorho); MS (ESI, negative mode): m/z (%S: 785 (100) (M
— K]7; HRMS (ESI) m/z: caled for C,sHN,0,%Cuy,
785.3128; found, 785.3107, €, = 2.7 ppm.

Complex [Cu(k'C—1),](NEt,) [10](NEt,). A solution of
KHMDS (477 mg, 2.39 mmol, 1.05 equiv) in THF (1S mL)
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was added dropwise to a solution of 1-H (825 mg, 2.28 mmol)
in THF (20 mL) at room temperature. After 20 min, CuCl
(112 mg, 1.13 mmol, 0.5 equiv) was added and the mixture
was stirred at 40 °C for 2 h. The brown mixture was then
evaporated to dryness and the solid residue was taken up in
CH,Cl, (20 mL). Water (20 mL) and a large excess of NEt,Cl-
xH,0 were added and the two phase mixture was vigorously
stirred. The organic layer was then extracted and washed with
water (2 X 20 mL) and dried over Na,SO,. After filtration
through a cotton plug, the solution was evaporated and the
crude residue was purified by flash chromatography (neutral
Al,O,, Brockmann type III, CH,Cl, then CH,Cl,/MeOH 95/
S) to yield a light brown powder (463 mg, 45%). '"H NMR
(400 MHz, CDCl;): 6 6.79 (s, 4H, CH,,), 6.68 (s, 4H,
CHye,), 301 (br, 8H, N—CH,—~CH,), 2.30 (s, 6H, CHy,,..),
2.28 (s, 6H, CHyy,,,), 1.69 (s, 12H, CHsoq,), 1.61 (s, 12H,
CH,omo), 121 (s, 6H, CH,CO), 1.04 (br, 16H, N—CH,—
CH,); BC{'H} NMR (100.5 MHz, CDCL,): § 181.1 (C=0),
174.7 (N,Cep,), 161.3 (Cppy—0), 139.2, 137.2, 136.1, 134.7,
134.0 (Cyeo), 1284, 127.9 (CHy,), 108.9 (Cpns), 522 (N—
CH,—CHj), 29.3 (CH;CO), 21.3 (CHsy,y), 21.2 (CHypy),
17.9, 174 (CHy ), 7.5 (N—CH,—CH,); MS (ESI, negative
mode): m/z (%): 785 (100) [M — NEt,]".

Complex [((p-Cym)RuCl),(Cu)(u-1x20,0:3x'C—1)(u-
2«%0,0:3x'C—1)](PFg) (11). Complex [10]K (150 mg, 0.18
mmol, 1.0 equiv) and [RuCl(p-Cym)(CH;CN),](PF,) (181.3
mg, 0.36 mmol, 2.0 equiv) were combined in CH,Cl, (S mL)
at room temperature. The solution was stirred for 15 min then
loaded directly onto a silica gel column and eluted with
CH,Cl,/MeOH: 95/S5. One fraction was collected and
evaporated using a rotary evaporator, then dissolved in the
minimum of CH,Cl, The product precipitated with
sonication. The liquid was decanted oft and drying of the
yellow solid gave the final product (155 mg, 58%). '"H NMR
(400 MHz, CDCL) & 6.89 (s, 1H, CHy.), 6.87 (s, 1H,
CHyy.), 6.86 (s, 1H, CHy,,), 6.84 (s, 2H, CH,y..), 6.82 (s, 1H,
CHy,), 6.79 (s, 1H, CHy,), 6.76 (s, 1H, CHy,,), 5.44—5.40
(dd, 4H, CH,, ¢yn), 5:23—5.20 (dd, 4H, CH,.c,m), 2.69-2.59
(m, 2H, CHjp,), 2.38 (s, 6H, CH3para)) 2.35 (s, 6H, CH3para))
2.06 (s, 6H, CHy,.cym), 1.73 (s, 3H, CHyo), 1.71 (s, 3H,
CH3ortho)) 1.69 (S; 3H) CH3ortho)) 1.67 (S; 3H; CH3orth0)) 1.62
(S) 3H) CH3orth0)) 1.57 (S) 3H) CHSortho)J 151 (S) 6H) CH3CO))
1.49 (s, 3H, CH;o ), 147 (s, 3H, CH;op0), 1.15—1.12 (dd,
12H, CH,;p,); *C NMR (101 MHz, CDCL,): § 182.4 (C=0),
182.2 (C=0), 179.3 (N,C), 160.7 (C;,.s—0), 139.9 (Cpres),
139.8 (CMes)) 139.2 (CMes)) 136.1 (CMes)l 135.7 (CMes)) 135.1
(Cared), 1348 (Coree)y 1310 (Cper), 1294 (CHypo), 129.3
(CHppey), 129.0 (CHyye), 128.8 (CHyyy), 113.3 (Cpog), 113.2
(CIm—S)! 99.5 (Cp—Cym)) 99.4 (Cp—Cym)) 96.5 (Cp»Cym)) 96.4
(Cpcym)r 824 (CH,.c,), 823 (CH, ), 818 (CH,cpm),
817 (CH,.cym), 794 (CH,.cpm), 793 (CH,cym), 792
(CH,.cym), 30.9 (CHyp,), 24.7 (CH;CO), 22.1 (CHyyp,), 21.9
(CHSiPr)) 21.4 (CH3para)) 21.3 (CH3para)l 18.3 (CH3ortho)) 18.2
(CHSOrtho)) 17.7 (CH3p—Cym)J 17.6 (CH30rtho)) 17.5 (CH3ortho);
17.4 (CHSOrtho)J 17.3 (CH3orth0)) 16.9 (CH3orth0)J 16.8
(CH;000); MS (BSI) m/z (%): 1329 (1) [M — PF¢]*, 1059
(11) [M — PF4 — RuCl(p-Cym) + H]", 787 (19) [M — PF4 —
2 RuCl(p-Cym) + 2H]*, 646 (9) [M — PF¢ — CI]**, 511 (100)
[M — PF4 — RuCl,(p-Cym) + H]**; HRMS (ESI) m/z: calcd
for CegH,4CLCuN,O,Ru,, 1327.8000; found, 1327.2784, €, =
1.2 ppm.

Electrochemical Studies. The electrochemical properties
of these compounds were determined by CV and SQW.
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CV and SQW experiments were carried out with an Autolab
PGSTAT100 potentiostat (Metrohm). Electrochemical meas-
urements were performed with a three-electrode system
consisting of a platinum working electrode (0.5 mm diameter
microdisk), a platinum counter electrode, and a SCE as the
reference electrode (separated from the solution by a bridge
compartment). Experiments were carried out under argon in
degassed, distilled CH,Cl,, using 0.1 M "Bu,NPF; as the
supporting electrolyte and using a typical concentration of
compound of 107 M. Spectra were referenced versus the SCE,
and were calibrated against Fc*/Fc redox couple by adding
ferrocene at the end of the experiments [E, ,,(Fc*/Fc) = + 0.46
V vs SCE].

Square-wave voltammograms were obtained using an
amplitude of 20 mV, a frequency of 20 Hz, and a step
potential of S mV.

X-ray Diffraction Study of Complex [RuCl(p-Cym)-
(K20,0—1)](BF4) (2). Single crystals of 2 were grown by slow
diffusion of Et,O into a solution of 2 in CH,Cl, at room
temperature. Data were collected at 100 K on a Bruker D8/
APEX II/Incoatec IuS Microsource diffractometer. All
calculations were performed on a PC compatible computer
using the WinGX system.”' The structures were solved using
the SIR92 program,”” which revealed in each instance the
position of most of the nonhydrogen atoms. The complex was
found to crystallize with half a molecule of dichloromethane
per unit cell. Atomic scattering factors were taken from the
international tables for X-ray crystallography. All non-hydrogen
atoms were resolved by the full matrix least-squares method
using the SHELXL program,*” and were refined anisotropi-
cally. Anomalous dispersion terms for Ru and Cl were included
in Fc. From an initial, idealized positioning (C—H in the range
0.93—0.98 A, and U,,,(H) in the range 1.2—1.5 times U,q;, of
the attached carbon atom), the H atoms were refined as
“riding” atoms. CCDC 1865121 contains the supplementary
crystallographic data for the structure of 2. These data can be
obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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